The design of the proposed algorithm relies on three basic ideas: (1) finding a model-based controller so that for any stable process of proportional type, the closed-loop controller output to a step reference has a step shape (or close to this form) and removes the steady-state error; (2) refining the controller structure so that the initial value of the controller output to a step reference is K times its final value, where K is a tuning parameter with standard value 1; (3) extending the controller structure to address integral processes and some unstable processes by turning them into stable compensated processes of proportional type. The overall controller is a series connection P-IMC of two systems: one of pure proportional type and another one of IMC type. There is a simple procedure to verify online if the model parameters (steady-state gain, time delay and transient time) have suitable values and to adjust them to improve the model. As the PID control algorithm, the proposed method is quasi-universal and practical, but it is superior by its control performance and the simplicity of the tuning procedure (which enables poorly trained workers to easily operate the control system). Also, it is more practical than the classical IMC algorithm because its equations have a unique form for all process types (as the PID algorithm), and has a control gain as tuning parameter instead of a filter time constant. Several applications are given to show the effectiveness of the algorithm for different types of process.
Introduction
Due to the structure simplicity and the capability to control almost all processes, the PID controllers are the most widely used in industrial applications despite the recent advances in information technology and computer science (Marlin, 1995 Jin and Liu, 2014) . For many complex processes (especially with time delay, with overshoot or of nonminimum phase), the PID controllers cannot achieve a very good control performance. In addition, there is not a simple and intuitive method of controller tuning (Ziegler and Nichols, 1942; Garcia and Morari, 1982; Duma et al., 2011; Nicolau, 2013; Singh et al., 2014) . The proposed control algorithm is inspired from the internal model control (IMC) concept, which states that an accurate control can be achieved if the control system encapsulates a representation of the controlled process (Francis and Wonham, 1976; Bengtsson, 1977; Garcia and Morari, 1982; Rivera et al., 1986; Horn et al., 1996) .
In any IMC structure, the process and its model are connected in parallel so that the difference between their outputs comes back to the internal controller. The overall controller of an IMC structure is parameterized as follows is an approximate inverse of the model transfer function, which includes a suitable filter to guarantee the controller properness. The filter time constant is the main tuning parameter of the overall controller.
Despite its advantages, the IMC strategy did not become a strong practical alternative to the PID strategy (Normey and Camacho, 2007; Saxena and Hote, 2012; Vanavil et al., 2014; Cirtoaje, 2017) because of the multitude of model variants that depend on the process type (linear or nonlinear, with or without overshoot, with or without oscillations, of minimum or nonminimum phase, of proportional or integral type, stable or unstable etc.). The proposed control algorithm removes this disadvantage by using a unique model structure which is associated either with the original process to be controlled (if it is stable and of proportional type) or with the compensated process (if the original process is of integral type or unstable).
In the last years, many publications have presented various tuning techniques of IMC based PID controllers for different types of process (Brosilow, 2002 Ghousiya et al., 2017) . In our opinion, the control performance derived by using IMC based PID algorithms is generally weaker that the one obtained by using control algorithms of genuine IMC type.
The general structure of a linear closed-loop control system is shown in Figure 1 , where P G is the process transfer function, C G -controller transfer function, Y -controlled variable, U -control (manipulated) variable, R -reference (setpoint), E -the control error and V -the load disturbance. The transfer functions between the controlled variable Y and the input variables R and V are given by
From
it follows that the response ( ) y t to a unit step reference and the response ( ) v y t to a unit step disturbance added to the process output are complementary:
According to (4), it is not necessary to analyze the control performance of the closed-loop system to a step disturbance; it suffices to determine only the response ( ) y t to a step reference.
The design of the proposed algorithm starts from the idea to find a model-based control structure so that, for any process of P1-type (whose input step response is monotone and finite), the control response ( ) u t to a step reference has a step shape (or close to this form) and removes the steadystate error. Then, this structure is connected in series with a proportional block with the gain K , so that the controller response to a step reference has the initial value K times its final value. In this found form (called primary or standard form), the designed algorithm can be applied to control any stable proportional process (with finite and nonzero steady-state gain). Using the compensated process concept (Cirtoaje, 2006; Yamada, 2006; Nguyen et al., 2013; Vazquez Guerra, 2016) , the control algorithm is extended to control integraltype processes and unstable processes. Thus, the extended form of the proposed algorithm is a quasi-universal P-IMC (proportional-internal model control) algorithm, which has the capability to control almost all process types. In addition, the model parameters can be online verified and adjusted to improve the model accuracy.
The structure and the form of the controller equations don't depend on the process to be controlled. This is possible because the embedded model addresses the compensated process, which is always stable and of proportional type.
A control gain with standard value 1 is used as tuning parameter, which is more agreeable for the process human operator than the filter time constant from the usual IMC algorithms.
Six applications in MATLAB/SIMULINK environment are presented for the main types of processes to show the tuning procedure, the control performance and the robustness to the model uncertainty.
The paper is arranged as follows. Section 2 presents the primary form of the proposed algorithm, which can be applied to control stable proportional processes with or without time delay, overshoot and oscillations, of minimum or nonminimum phase. Section 3 extends the control algorithm to integral processes and to some unstable processes. In addition, four applications are given in Section 2, and two applications in Section 3. Concluding observations and future research project are presented in Section 4.
Primary form of the control algorithm
The purpose of this section is to present the theoretical fundamentals and some practical results of the primary variant of the proposed control algorithm, and how this variant can be used to control stable proportional processes with or without time delay, overshoot and oscillations, of minimum or nonminimum phase.
Theoretical basis
The transfer function between the control variable U and the reference input R (see Figure 1 ) is given by
Consider first a stable proportional process with the steady-state gain P K , and assume that the closedloop system response ( ) u t to a unit step reference is a step function of magnitude 1/ P K . This condition (that involves zero steady-state error), equivalent to
and 1 ( ) ( )
leads to the following practical controller (8) has a pole at the origin, therefore the controller is of integraltype. Consequently, if the closed-loop system is stable, then it has zero steady-state error to a step reference or disturbance. The form below of the controller transfer function (8) ,
leads to an algorithm structure of P-IMC type (see Figure 2 ), that is a series connection between a pure proportional element and a closed-loop IMC structure. If the ratio / M K K is constant, then the process response ( ) y t to a step reference remains unchanged for any set value of the model gain M K . 
Such a model can describe with sufficient accuracy a P1-type process (with monotone and bounded step response). In our opinion, a firstorder model is too simple and cannot describe the process sluggishness, while a second-order model with two distinct lag time constants or a third order model are too complicated to be used for increasing the model accuracy. The model
T can be easily determined from the process response to a step input u . Clearly, the experimental procedure requires the process to be in a steady-state behavior before changing the input u . The model time constant M T depends on the model transient time trM T as follows:
where trP T is the transient time of the process response ( ) y t to a step input u (that does not include the time delay); more precisely,
where P τ is the process time delay, and 1 t is the process settling time (when the response y reaches 98 % of its final value).
The discrete equivalent of the model (10) has the transfer function
where T is the sampling time and M l -the integer value of the ratio between the model time delay and the sampling time:
The initial value (0 ) u + and the final value ( ) u ∞ of the closed-loop system response ( ) u t to a unit step reference are
In addition, the response ( ) u t keeps its initial
increasing/decreasing the tuning gain K , the process operator can make the control action stronger/weaker. For 1 K = , the initial and final values of the control response ( ) u t to a unit step reference are
, then the initial value (0 ) u + and the final value ( ) u ∞ are equal. Moreover, for 1 K = and a perfect model with ( ) ( )
where 1( ) t is the unit step function. Since the process model is not perfect, the response ( ) u t to a step reference change r ∆ is not a perfect step function. Assume further that 1
If the model steady-state gain M K differs from the process steady-state gain P K , then the closedloop system response ( ) u t to a step reference has the initial value (0 ) u + different from its steadystate value ( ) u ∞ ; more precisely, (0 ) ( ) Figure 3 ). Figure 5 ).
In conclusion, if the closed-loop system response ( ) u t to a step reference is larger/smaller than the ideal step form of magnitude 1/ P K , then the respective parameter of the model need to be suitably increased/decreased.
and trM T have the best values, the model (10) is not perfect, therefore the response ( ) u t has not a perfect step form, but is both above and below the step graph so that the maximum deviation from the step graph is minimum. K provides a strong control action for processes with large time delay. As a consequence, the system response u to a reference step is never very sharp (as in the case of the IMC algorithms), and a lowpass reference filter is not necessary. ), so that the control response u to a step reference has a smaller initial value to reduce or to vanish the overshoot of the closed-loop system. More precisely, assuming that the step process response ( ) y t reaches its maximum value (1 ) ( ) y σ + ∞ at the time 0 t , the recommended values of the process model parameters are the following:
These formulae can be obtained by approximating the process with the one whose step input response remains constant for 0 t t ≥ .
Simulation results
In this subsection, four applications for different types of linear proportional processes are presented: a process with monotone response to a step input, a process of non-minimum phase, an oscillatory process and a non-oscillatory process with overshoot. whose response to a unit step input is monotone and finite (see Figure 7) . From the process response, it is easy to determine the following model parameters: The closed-loop system responses y and u to a unit step reference are illustrated in Figures 8 Since the control response ( ) u t for 1 K = is close to a step shape (see Figure 9) , it follows that the model parameters have been suitably chosen, and the model (10) of second-order with double lag time constant plus time delay describes the process sluggishness with sufficient accuracy. The control performance is better than the one achieved with a PI controller
This follows from Figure 15 , which shows the responses ( ) y t to a unit step reference for 0. From the process response to a unit step input in Figure 16 , we get the following values of the model parameters:
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The closed-loop system responses to a unit step reference are shown in Figures 17 and 18 . A good control performance is achieved for 1.1 K = . The closed-loop system is stable for 3.19 K < . Since the control response ( ) u t for 1 K = is close to a step shape, the model (10) describes with sufficient accuracy the process sluggishness. From the unit step process response in Figure 19 , one gets is sufficiently good for the given process. The closed-loop system is stable for 
Extended form of the control algorithm
The proposed algorithm can be extended to control integral-type processes and some unstable processes.
Theoretical basis
The basic idea is to turn the original process into a stable proportional-type process (called compensated process), preferably without overshoot, by using a negative feedback path (see Figures 25 and 26) . have appropriate values, then the closed-loop system response ( ) c t to a step reference is close to a step form. This feature offers the process operator the possibility to verify and correct online the model parameters of the compensated process.
The overall controller C in Figure 26 According to the controller structure in Figure 26 and the model transfer function (13) , the discrete control algorithm has the following equations:
The compensated process in Figure 25 has the transfer functions
For the ramp disturbance 2 ( ) 1 / V s s = and the input ( ) 0 C s = , the compensated process response is given by
According to the final value theorem of the Laplace Transform, the response ( ) y t has the final value
Since the response ( ) y t is finite, the steadystate error of the closed-loop system to a ramp disturbance (added to the process output) is zero.
Simulation results
In this subsection, we present two applications for two types of linear processes: a process of integral-type and an unstable process. Using a negative feedback path with 0.45 f K < , the integral-type process turns into a compensated process whose response to a step input is monotone and bounded (see Figure 27) Figure 31 shows the closed-loop system responses ( ) y t to a step and ramp disturbance. The steady-state error is zero for any step or ramp disturbance added to the process output. , the process turns into a stable compensated process whose response to a unit step input is monotone and bounded (see Figure  32 ). For The closed-loop system responses ( ) y t , ( ) c t and ( ) u t to a unit step reference are shown in Figures  33, 34 
Conclusions and future research
Due to its capability to be used for almost all industrial processes, the proposed P-IMC control algorithm is an alternative to the PID and IMC algorithms. Actually, it is better than the PID algorithm with respect to both the control dynamic performance (especially for the processes with time delay) and the simplicity of the experimental tuning procedure. Also, it is more practical than IMC algorithms because it uses a single type of model for all categories of processes, and has a proportional gain K as tuning parameter instead of a filter time constant.
In the primary (standard) variant, the algorithm can be used to control stable proportional processes (with or without time delay, overshoot and oscillations, of minimum or nonminimum phase). In this variant, the algorithm has four parameters: a tuning parameter K that carries out the same function as the overall gain of the PID algorithm (used by the process human operator to increase or diminish the control action), and three model parameters that can be easily determined by experimental way -the model steady-state gain M K , the model time delay M τ and the model transient time trM T . In addition, there is a simple procedure to verify and correct online the model parameters, based on the fact that for an accurate model, the controller output to a step reference is close to a step form for 1 K = . This feature ensures and guaranties the stability of the closed-loop system on an upper bounded interval of K . Analyzing the deviation of the controller response to a step reference from the ideal step form, the process operator can adjust online the model parameters to improve the model accuracy.
